Insight into catalyst deactivation mechanism

and suppression techniques in thermocatalytic

deoxygenation of bio-oil over zeolites by Alaba, Peter Adeniyi et al.
Rev Chem Eng 2015; aop
*Corresponding author: Wan Mohd Ashri Wan Daud, Department of 
Chemical Engineering, University of Malaya, 50603 Kuala Lumpur, 
Malaysia, e-mail: ashri@um.edu.my
Peter Adeniyi Alaba: Department of Chemical Engineering, 
University of Malaya, 50603 Kuala Lumpur, Malaysia
Yahaya Muhammad Sani: Department of Chemical Engineering, 
University of Malaya, 50603 Kuala Lumpur, Malaysia; and 
Department of Chemical Engineering, Ahmadu Bello University, 
870001 Nigeria
Isah Yakub Mohammed: Energy, Fuel and Power Technology 
Research Division, School of Engineering, The University of 
Nottingham Malaysia Campus, Jalan Broga, 43500 Semenyih, 
Selangor Darul Ehsan, Malaysia
Peter Adeniyi Alaba, Yahaya Muhammad Sani, Isah Yakub Mohammed 
and Wan Mohd Ashri Wan Daud*
Insight into catalyst deactivation mechanism 
and suppression techniques in thermocatalytic 
deoxygenation of bio-oil over zeolites
DOI 10.1515/revce-2015-0025
Received May 7, 2015; accepted August 28, 2015
Abstract: The economic viability of the thermocatalytic 
upgrade of biomass-derived oxygenates is facing the chal-
lenge of low-quality products. This is because of leaching 
of active species, coking, and concomitant catalyst deac-
tivation. These cumulate into the loss of catalytic activity 
with time on stream (TOS), which causes low degree of 
deoxygenation. Thus, this article reviews recent advances 
aimed at alleviating these setbacks to make the process 
viable for industrial scale-up. To understand the concept 
of catalyst deactivation and to offer solutions, the review 
scrutinized the deactivation mechanism diligently. The 
review also analyzes deactivation-suppression techniques 
such as nanocrystal zeolite cracking, hydrogen spilt-over 
(HSO) species, and composite catalysts (hybrid, hierarchi-
cal mesoporous zeolite, modified zeolites, and catalytic 
cracking deposition of silane). Interestingly, these deac-
tivation-suppression techniques enhance catalytic prop-
erties mostly by reducing the signal strength of strong 
acid sites and increasing hydrothermal stability. Further, 
the approaches improve catalytic activity, selectivity, and 
TOS stability because of the lower formation of coke pre-
cursors such as polynuclear aromatics. However, despite 
these many advances, the need for further investigations 
to achieve excellent catalytic activity for industrial scale-
up persists.
Keywords: acidity; biomass; coke; deactivation; deoxy-
genation; zeolite.
1  Introduction
The use of fossil fuels in several sectors, such as heat and 
power generation, and transportation create environmen-
tal hazards from emission of greenhouse gases (Graça 
et al. 2010). Furthermore, these fuels are nonrenewable, 
often scarce with unpredictable prices. Also, because of 
the excessive use of these conventional fuels, crude oil 
exploration is said to have reached its peak (Mohammad 
et al. 2013). Thus, the public outcry for urgent solutions 
explains the need to seek alternative and sustainable 
sources of energy. Biomass from fast pyrolysis possess 
high potentials for producing biofuels and other spe-
cialty chemicals for replacing fossil fuel-derived products 
(Demirbas 2009, Botas et al. 2012). Techniques currently 
explored in producing these biofuels include thermal 
cracking (pyrolysis), coblending with VGO, and micro-
emulsion of biomass (Gómez et al. 2013). Fast pyrolysis is 
the most commonly used method for biofuel production 
from biomass because it is economically viable and ther-
mally efficient (Apaydin-Varol et al. 2014). The product of 
this process include gaseous, liquid, and solid biofuels. 
The liquid biofuel could be biocrude, synthetic oils, and 
biodiesels (Demirbas 2007a, 2008a,b, Gerçel and Gerçel 
2007, Gonzalez et  al. 2008, Ye et  al. 2008, Balat 2009). 
However, the major drawback of biofuel from pyrolysis 
is the oxygen contents, which is responsible for its low 
heating value, instability, and high acidity (Pütün et  al. 
2006, Demirbas 2007b, Phung et al. 2012, Shi et al. 2014). 
This constituent lowers the quality of the biofuel and 
thereby restricts its application. Despite this, however, the 
popularity and the public acceptance of biofuels are on 
the increase. The major reasons for this include sustaina-
bility of fuels derived from renewable sources that support 
ecosystem and human heath as well as long-term goals on 
tolerable emissions. Other reasons include availability, 
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environmental friendliness, accessibility, and reliability 
of the fuels (Demirbas 2007c, Quadrelli and Peterson 2007, 
Karki et  al. 2008). Thus, several approaches are being 
explored to reduce the oxygen contents of this technique.
The hydrodeoxygenation (HDO) process is one of 
the useful methods for reducing oxygen contents and 
producing efficient biofuels. However, HDO is not eco-
nomically feasible because it requires high pressure and 
large amounts of hydrogen derived from fossil fuels. 
These requirements cause negative effects on the carbon 
footprint of the bioprocess (Heeres et  al. 2009, Bozell 
and Petersen 2010, Serrano-Ruiz et al. 2012). An alterna-
tive route for deoxygenating biofuels is thermocatalytic 
deoxygenation, which proceeds at lower temperature and 
atmospheric pressure without hydrogen. Similarly, cata-
lytic cracking differs from HDO as it does not require the 
use of hydrogen at high pressure. However, short catalyst 
lifetime because of deactivation and low H/C ratio hinders 
the industrial applicability of the process. This limita-
tion leads to the production of low-grade fuels with lower 
heating value than fossil fuels (Chew and Bhatia 2009, 
Mortensen et al. 2011, Botas et al. 2012).
Conversely, mordenite framework inverted (MFI) 
structure catalyst has gained popularly in facilitating 
catalytic cracking. Attributes such as olefin selectivity, 
acidity, thermal stability, absence of cage at the pore inter-
section, and system of connected pores are some of the 
factors that ensure the popularity of this molecular sieves 
(Ibáñez et al. 2014). However, the microporosity of these 
materials hinders large molecules from accessing the 
active sites of the catalyst. Thus, mass transfer limitation 
restricts effective reaction. This leads to coke deposition 
on the zeolite crystal that causes deactivation. Therefore, 
the advantage of mesoporous aluminosilicates such as 
Santa Barbara Amorphous-type material, or SBA-15 (Zhao 
et  al. 1998), and Mobil Crystalline Materials, or MCM-41 
(Kresge et al. 1992), comes handy in minimizing this limi-
tation. However, despite their mesoporosity, which allows 
diffusion of bulky molecules, lower acid strength and 
hydrothermal stability are restricting the wide acceptabil-
ity of these materials (Castano et al. 2011, Liu et al. 2012). 
These challenges await the ingenuity of the academia and 
research community.
It is a known fact that catalysts do not remain active 
ad infinitum. In fact, it is this knowledge that led to 
numerous studies on how to “circumvent” the natural 
process of catalyst deactivation. As this search intensifies, 
it is appropriate that researchers do not lose sight of the 
fundamentals such as cause and effect. A major cause of 
concern in bio-oil upgrading is coke formation. Coke dep-
osition during catalytic valorization of the bio-oil is of two 
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Figure 1: Kinetic model for bio-oil deoxygenation, showing coke 
routes adopted from Mortensen et al. (2011).
types (Gayubo et al. 2010, Zhang et al. 2011). Coke is depos-
ited on the catalyst micropores because of condensation, 
hydrogen transfer, and dehydrogenation reactions. This is 
called catalytic carbon. The other type is coke deposited 
on the catalysts matrix as a result of elevated tempera-
ture (Gayubo et al. 2010, Ibáñez et al. 2014). The former 
contributes more to deactivation than the latter (thermal 
carbon) mainly because it possesses lower hydrogen 
content (Mortensen et al. 2011, Jiménez-García et al. 2013). 
Figure 1 presents the kinetic scheme for coke formation. 
Similarly, steam-solid reaction also causes catalyst deacti-
vation by the dealumination of aluminosilicate materials. 
This changes the morphology of the catalyst with conse-
quent effect on its activity.
Despite the popularity and over six decades of research 
and development in fluid catalytic cracking (FCC), the 
process of crude oil refining, deactivation affects catalysts 
detrimentally with economic consequences. Deactivation 
occurs via the deposition of coke produced from cyclic 
intermediates as well as hydrothermally via steam-solid 
reactions (O’Connor and Pouwels 1994). This makes the 
extrapolation of the thermocatalytic upgrade of bio-oil 
from FCC nonviable in the same manner. Consequently, 
several researchers reported ways for minimizing catalyst 
deactivation rate. These include cofeeding with hydrogen 
source such as water, methanol, and tetralin into the reac-
tion feed (Gayubo et  al. 2009, Xie et  al. 2010, Zhu et  al. 
2010, Rezaei et al. 2014). Another approach that is gaining 
attention is the synthesis of composite materials compris-
ing hierarchical mesoporous zeolite and the hybrid of mes-
oporous aluminosilicate and microporous zeolites. The 
latter approach improves mass transfer through the pore 
of the catalyst and thermal stability from the combined 
strength from the hybridization (Xie et al. 2010). Despite 
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these advances, catalyst deactivation is far from becom-
ing a forgone problem. Reasonably, this is because hydro-
carbon basicity has a significant effect on coke formation. 
This explains the phenomenon governed by carbonium 
ion rather than free radical mechanism (Eberly et al. 1966, 
Corma et al. 2007, Park et al. 2010). Thus, the aim of this 
review is to highlight methods for optimizing catalytic 
activities, increasing TOS stability, and degree of deoxy-
genation. To achieve this aim, we limited our analyses to 
studies on the deactivation mechanisms and emphasized 
on the suppression techniques in zeolite cracking. This is 
because of the importance of zeolite cracking and its wide 
applicability in bio-oil upgrading. The review presents a 
detailed analysis on deactivation mechanisms and ana-
lyzes recent approaches for lessening such limitations. 
These include the latest improvements in the thermocata-
lytic upgrade of biomass-derived oxygenates such as the 
use of hydrogen source, hierarchical mesoporous MFI, 
and other composite materials for reducing deactivation 
tendency.
2  Deoxygenation over zeolites
Microporous molecular sieve (MFI) possesses well-defined 
and elaborate pore structures with high surface area, 
acidity, and adsorption capacity. It selectively permits dif-
fusion and conversion of molecules such as light olefins 
and aromatics (Mante et al. 2014). These attributes ensured 
wide industrial utilization on zeolites, especially in petro-
chemistry, oil refining, and production of fine chemicals 
(Huber et al. 2006, Huber and Corma 2007). Interestingly, 
catalytic deoxygenation over zeolites is similar to FCC, 
which also uses zeolite catalysts (Huber and Corma 2007). 
Hence, transferring the knowledge and expertise acquired 
from the latter onto the former would save time and cost. 
This is in addition to the economic advantage that cata-
lytic deoxygenation enjoys as it proceeds at atmospheric 
pressure without hydrogen requirement.
Bio-oil is a synthetic fuel currently under experimen-
tation as a potential substitute to fossil fuel. The pyrolysis 
of biomass at approximately 600°C produces the pyrolytic 
oil that contains a large amount of oxygen. However, the 
cracking of bio-oil by thermocatalytic deoxygenation over 
MFI is yet to attain industrial-scale acceptability. Low 
catalytic activity premised by mass transfer limitation and 
subsequent coke formation and associated high deactiva-
tion rate are the major factors hindering the prominence 
this process. Moreover, strong acid strength, a common 
feature of MFI catalysts for good catalytic activity, also 
promotes deactivation (Yan and Le Van Mao 2010, Duan 
et al. 2013, Zhang et al. 2014). This led to keen interest in the 
use of other FCC catalysts such as FAU zeolite for biofuel 
production. FAU zeolites are characterized with strong 
acidity and wider pore than MFI. However, cracking with 
FAU zeolite is plagued with the formation of nonconden-
sable gases and large amount of coke. This is attributed to 
the occurrence of bimolecular reaction, which promotes 
hydrogen transfer at the FAU zeolite matrix (Mante et al. 
2014). Moreover, the quality of the biofuel obtained from 
zeolite cracking is lower than that of conventional fuel 
because of high oxygen content (Mortensen et  al. 2011). 
The low value of the H/C ratio indicates the products are 
aromatics with lower heating value when compared with 
that of fossil fuel. The mechanism of the thermocatalytic 
deoxygenation of bio-oil over zeolite is associated with 
decarbonylation, decarboxylation, and dehydration. The 
most common of these routes is dehydration. Bedard et al. 
(2012) proposed that methanol dehydration is initiated by 
the adsorption of the reactants on the active sites followed 
by either decomposition or bimolecular monomer dehy-
dration (Figure 2).
Most thermocatalytic cracking processes operate at 
atmospheric pressure, temperature between 300°C and 
600°C, and gas hourly space velocity of ~2 (Mortensen 
et al. 2011). However, zeolite deactivation increases with 
increase in reaction temperature and time. This is because 
coke deposited on the internal and external surfaces of 
the catalyst is approximately 40 wt% of the feed (Huber 
et al. 2006). Conversely, the deoxygenation of light hydro-
carbons occurs at elevated temperatures (Mortensen 
et al. 2011). Consequently, the major hydrocarbons (aro-
matics) produced at elevated temperatures are mostly 
coke precursors. They have the tendency of fouling the 
surface and pores of zeolite particle during cracking over 
conventional MFI zeolites. Nonetheless, high tempera-
ture is a requirement for a high degree of deoxygenation 
(Mortensen et al. 2011). These highlight the need to strike 
a balance between the required temperature and ensur-
ing a coke-inhibited process. Fundamental knowledge 
regarding catalyst deactivation mechanism becomes 
imperative. Interestingly, solid basic sites are not affected 
by coking because they lack ability to crack (Sooknoi 
et  al. 2008). However, they are susceptible to deactiva-
tion in steam medium because of their hydrophilicity 
nature, which emanates from steam condensation in the 
mesopores (Yonli et  al. 2010). Thus, bio-oil upgrading 
also proceed over solid basic catalysts because an active 
catalyst requires both basic and acid sites in some cases. 
A perfect example is basic zeolites with a low Si/Al ratio 
that conjugates acid-base pairs. The catalysts possess 
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Lewis acid sites in the form of exchangeable cation near 
the oxygen in the zeolite framework. This represents the 
zeolite basic sites, which decarbonylate or decarboxylate 
the oxygenated feedstock to produce hydrocarbon (Bar-
thomeuf 1996).
3  Catalyst deactivation mechanism
The two major limitations hindering the industrial-scale 
development of most catalytic processes are the leach-
ing of active species (such as dealumination) and the 
deposition of carbonaceous material on the catalyst 
surface (Sooknoi et al. 2008). On the one hand, the deac-
tivation mechanism in a catalytic system depends on the 
hydrothermal stability, acidity, and textural properties 
of the catalyst, the reaction type and condition, and the 
feedstock (Eberly et al. 1966, Bartholomew 2001, Corma 
et al. 2007, Park et al. 2010, Konno et al. 2013). On the 
other hand, microporous catalysts are mostly suscepti-
ble to deactivation because of the limited accessibility of 
the reactants to pore spaces. This decreases the number 
of acid sites with concomitant decline in catalytic activ-
ity. Intriguingly, temperature and acid site density play 
a significant role in both deoxygenation reaction and 
deactivation. These driving forces induce the leaching 
of active species and the formation of waxes and pol-
yaromatics (Moulijn et  al. 2001, Martínez et  al. 2007, 
Tago et al. 2011, Liu et al. 2012). Table 1 highlights some 
prominent causes of deactivation in various catalytic 
systems, and Figure 3 presents the two-step process for 
coke formation from bio-oil valorization. Surface inter-
mediates from the initial reactant as well as the product 
in the gas phase produce coke precursors (Hajek et al. 
2004, González et  al. 2007, Kumbilieva et  al. 2011). 
Further, steam generated from dehydration reaction also 
serves as a potential deactivating agent (Mante et  al. 
2014). These accumulate gradually on the catalyst and 
heighten the decline in catalyst performance because of 
blocked catalyst pores.
The following sections discuss the catalyst deactiva-
tion routes alluded to in the introductory section.
3.1  Deactivation by catalytic carbon
Catalytic carbon is the second step and the major source 
of catalyst degradation in bio-oil valorization because 
it blocks the acid sites directly, as presented in Figure 3 
(Jiménez-García et  al. 2013). This deactivation route 
involves the fouling of catalyst micropore surface by the 
deposition of coke or carbonaceous substance from the 
reacting system because of hydrogen transfer, condensa-
tion, aromatization, and cyclization reaction of oxygen-
ates (Mortensen et  al. 2011). Both Brønsted and Lewis 
acid sites influence the catalytic coke deposition on 
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Figure 2: Dehydration mechanism of methanol over zeolites (Mortensen et al. 2011).
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zeolites. However, the influence of Brønsted acid sites is 
more critical (Niwa et al. 2012a, Castaño et al. 2013). This 
is because the Lewis acid sites bind the reacting species 
to the surface of the catalyst, while the Brønsted acid sites 
donate protons to the relevant compounds. Depending on 
the feed type and residence time, catalytic carbon coke 
formation is usually from bulky hydrocarbon or graph-
ite. Pore constriction and blockage increases because of 
the mechanically deposited coke in the pores and inter-
nal acid sites (Hajek et al. 2004, Mortensen et al. 2011). 
Menon (1990) classified catalytic reactions based on 
catalytic carbon formation into (1) coke-sensitive reac-
tion and (2) coke-insensitive reaction. Regarding the 
former, catalytic activity decreases because the nonreac-
tive coke fouls the active sites of the catalyst micropores. 
Contrarily, coke-insensitive reaction leads to the forma-
tion of reactive coke precursors such as paraffin waxes 
and unsaturated cyclic hydrocarbons on the active sites 
of the catalyst. Hydrogen source or other gasifying agents 
remove such coke precursors easily and minimize deacti-
vation (Zhu et al. 2010).
Coking in catalytic cracking is more of a coke-sensi-
tive than a coke-insensitive reaction, depending on the 
pore size of the catalyst. If the catalyst is less porous, 
diffusion limitation facilitates the formation of reactive 
coke precursor, which hinders reacting species access to 
the catalyst active sites. These insights are paramount 
in minimizing catalyst deactivation because the acid 
sites of a catalyst are the driving force in the catalytic 
cracking of bio-oil. Further, the Brønsted acid sites serve 
as a source of hydrocarboncation by donating protons 
(Van Santen 1994). This process enhances the cracking 
potential and the aromatization reaction or polycon-
densation of aromatic species (Huang et al. 2009). This 
instance highlights the immense contribution of acid 
sites to deoxygenation reaction and the mechanism of 
deactivation. Therefore, to minimize deactivation and 
to optimize the degree of oxygenation, it is necessary 
to investigate how to modify the catalyst to minimize 
the amount of acid sites and crystal size (Moulijn et al. 
2001).
Thermal treatment
Pyrolytic
lignin
Coke
Bio-oil
Olefins
Paraffins
Aromatics
CO + CO2
H2O
Step 2Step 1
Catalytic treatment
HZSM-5 catalyst
Figure 3: Two-step process for the formation of coke from bio-oil 
valorization adopted from Ibáñez et al. (2012).
3.2  Deactivation by thermal carbon
Elevated temperatures ensure increased cracking rate, 
high degree of deoxygenation, and high oil and gas 
yields during the catalytic upgrade of bio-oil. However, 
higher reaction temperature increases catalyst deacti-
vation because of pyrolytic lignin (thermal carbon) for-
mation, as presented in Figure 3 (Gayubo et  al. 2009, 
Mortensen et  al. 2011). Further, cracking at elevated 
temperature favors the polycondensation of the phenolic 
components of crude bio-oil. This forms carbonaceous 
materials (coke, which contains higher hydrogen content 
compared with catalytic carbon) that constrict the pores 
of the catalyst matrix (Gayubo et al. 2010). Consequently, 
reactants are obstructed from accessing the catalyst 
active sites (Jiménez-García et al. 2013). Aside the forgo-
ing limitations, catalyst sintering occurs at temperatures 
higher than 500°C, whereas the presence of steam aggra-
vates steam-solid reaction (Bartholomew 2001). The 
following section discussed this steam-solid reaction 
in details. Therefore, to minimize thermal carbon and 
sintering, it is important to develop catalysts with high 
thermal and hydrothermal stability and also to ensure 
that reactions are within the optimum temperatures 
especially for hydrothermally stable catalysts (Moulijn 
et  al. 2001). Thermal carbon also differs from catalytic 
carbon by their combustion behavior. According to the 
temperature program oxidation of coke combustion, 
thermal carbon burns at temperatures lower than 500°C, 
whereas catalytic carbon burns at temperatures higher 
than 500°C (Ibáñez et  al. 2012, Jiménez-García et  al. 
2013).
3.3  Deactivation by steam-solid reaction
Steam formation during bio-oil cracking and the subse-
quent transfer of such volatile phase from the reactor to 
the catalyst bed could stimulate the hydrothermal break-
down of the catalyst. Moreover, steam (a by-product via 
dehydration in bimolecular reaction) reacts with the cata-
lyst to form ultimate gel particles (O’Connor and Pouwels 
1994). The detrimental effect of steam-solid reaction 
manifests in the loss of crystallinity, BET surface area, 
porosity, and acidity (O’Connor and Pouwels 1994). This 
is evident in the dealumination of zeolitic Si-O-Al struc-
ture, which depends solely on hydrophobicity. However, 
the rate of hydrothermal deactivation depends on the 
hydrophobicity of the catalyst material (Martínez et  al. 
2007, Jacobson et  al. 2013). For instance, zeolites with 
high hydrophobicity exhibit high hydrothermal stability. 
Brought to you by | McMaster University
Authenticated
Download Date | 12/27/15 10:05 AM
P.A. Alaba et al.: Catalyst deactivation mechanism and suppression techniques      7
In this case, the steam competes with the alkane adsorp-
tion on the catalyst acid sites and induces the dealumi-
nation of the zeolite lattice (Bartholomew 2001, Moulijn 
et al. 2001). Fewer hydrophobic zeolites with a low Si/Al 
ratio such as FAU are more susceptible to steam attack 
in reaction medium. This has rather more effect on Brøn-
sted acidity than on the Lewis, thereby reducing the B/L 
ratio (Niwa et al. 2012b, Castaño et al. 2013). Further, cor-
rosive reacting medium facilitates dealumination, espe-
cially if the catalyst pH level is  ≥ 12 or  < 3 (Moulijn et al. 
2001). To reduce the influence of steam-solid reactions, 
rational design, and development of zeolites or solid acid 
catalysts with good hydrothermal stability, less corrosive 
pH (3  ≤  pH < 12) becomes crucial. This could be achieved 
by ensuring the catalyst possesses higher mesopore/
external surface area because external acid sites are more 
hydrothermally stable than the internal acid sites (Kim 
et al. 2012).
4   Deactivation-suppression 
strategies
The search for means of minimizing deactivation is as old 
as the catalytic process development. In fact, deactiva-
tion has been the problem of zeolite catalytic cracking. 
However, a long-lasting solution has proved abortive. 
Moreover, there are different deactivation routes that 
easily deactivate active sites. These include revers-
ible or irreversible chemical poisoning, physical fouling, 
thermal sintering, mechanical erosion or attrition, and 
vaporization of active materials (Bartholomew 2001, 
Moulijn et  al. 2001). The impact of deactivation on the 
overall catalytic process economics is negative. It leads to 
low product yields, longer reaction times, reduced cata-
lyst lifetime, financial implications in procuring new or 
reactivating aged catalyst, and increased labor. There-
fore, efforts targeted toward suppressing this problem 
are advancing to ensure economic industrial process 
scale-up. These efforts include rational design and 
development of zeolite catalyst with high hydrothermal 
stability, acid site density, porosity, and mild acid and 
basic strength (Pütün et  al. 2009, Yan and Le Van Mao 
2010). This ensures increase in turn over frequency (TOF 
or number of molecule per active site) (Sani et al. 2014). 
It also inhibits fouling process by controlling polycon-
densation reaction and subsequently increasing catalyst 
lifetime (Yan and Le Van Mao 2010) and overall greater 
commercial value. The following subsections discuss 
instances of these approaches.
4.1  Nanocrystal zeolite cracking approach
Several nanocrystal zeolite cracking reaction studies 
exhibited superior performances (Taufiqurrahmi et  al. 
2010, 2011, Deng et  al. 2011, Iwakai et  al. 2011, Konno 
et al. 2013, Zhang et al. 2013, Sandeep and Saxena 2014) 
compared with conventional zeolites. This is evident 
from the high conversion and low coking tendency dem-
onstrated by the former. These were because of minimal 
mass transfer gradient that allowed reactants and prod-
ucts to diffuse through shorter distances (Taufiqurrahmi 
et  al. 2010, Louis et  al. 2011, Liu et  al. 2012, Rownaghi 
et  al. 2012). Sandeep and Saxena (2014) studied various 
catalysts that exhibited different acidic and porous prop-
erties for the comparative cracking of Jatropha curcas oil. 
The authors used nanocrystalline MFI (NZ) approximately 
90  nm with additional mesopore, beta zeolite (BEA), 
HFAU zeolite (large pore), and medium pore microcrystal-
line zeolite (MZ). The nanomaterials inhibited the crack-
ing of higher olefins via dehydration, decarboxylation, 
decarbonylation, and cracking, which favor the formation 
of higher olefins. These olefins further undergo cycliza-
tion and dehydrogenation rather than cracking to form 
aromatics (Figure 4), thereby minimizing coke formation. 
The report revealed the following coke formation trend: 
NZ (1.9%) < MZ (9.4%) < BEA (14.7%) < HY (32.1%) (Table 2). 
This observation is due to the presence of mild acid 
strength and high acid density of NZ and MZ.
Likewise, NZ showed better performance than MZ 
because of extra mesoporosity and nanosized crystal that 
enhances shorter diffusion path for the products. Further, 
NZ exhibited higher TOS and stability in gasoline selectiv-
ity (approximately 78%) for more than 20 h than the other 
catalysts. The catalytic cracking of n-hexane, cyclohexane, 
and methylcyclohexane deposited 7.1, 7.4, and 6.9 coke 
(wt%), respectively, on macrocrystalline MFI (Si/Al = 150) 
after 4.5 h. Conversely, the amounts (wt%) of coke depos-
ited on nanocrystalline MFI (Si/Al = 150) catalysts were 
1.5, 2.8 and 5.1, respectively, after 4.5 h. This highlights 
the effect of crystal size in minimizing catalyst deactiva-
tion. Similarly, studies by Konno et al. (2012, 2013) showed 
that nanocrystalline MFI shows stable catalytic activity 
and higher yield of olefins because of the fast diffusion 
of products through nanosized crystals. Results obtained 
from the catalytic cracking of n-hexane by Rownaghi et al. 
(2012) and acetone cracking over nanocrystalline MFI and 
macrocrystalline MFI by Tago et  al. (2011) corroborated 
these findings. Similarly, Taufiqurrahmi et al. (2010) used 
nanocrystalline zeolite beta for cracking used palm oil. 
They reported that nanocrystalline zeolite beta exhibited 
high conversion of palm oil and gasoline yield. However, 
Brought to you by | McMaster University
Authenticated
Download Date | 12/27/15 10:05 AM
8      P.A. Alaba et al.: Catalyst deactivation mechanism and suppression techniques
Jatropha oil
Hydrogen 
transfer (HT)
C2-C4 Olefins
Dehydration
Decarbonylation
Cracking
Decarboxylation
Cyclic intermediates Aromatics
Higher olefins
Paraffins
Cyclization
Oligomerization
Figure 4: Reaction pathways for the formation of aromatics from Jatropha oil adopted from Sandeep and Saxena (2014).
the spent catalyst showed high coke content. Operating 
at elevated cracking temperatures solves this problem. 
The value of deactivation constant at 500°C (0.3091  h-1), 
which is lower than deactivation constant at 400°C 
(0.3813 h-1), highlights this reduction. Mostly, nanoporous 
zeolites gain preference because of their short diffusion 
path lengths, minimized coking, and outstanding perfor-
mances for cracking processes over conventional zeolites.
4.2  Composite catalyst
Composite catalysts with a synergistic combination of two 
or more components displayed remarkable catalytic activ-
ities, as shown in Tables 3 and 4. These composite mate-
rials include hybrid composites, hierarchical mesoporous 
composites, catalytic cracking deposition of silane, and 
crystallite composites obtained by cocrystallization and 
overgrowth. Encouraging results regarding this class of 
catalyst such as conversion, resistance to coking, as well 
as remarkable selectivity from catalytic processes are 
common in open literature (Twaiq et al. 1999, Tang et al. 
2010, Xie et al. 2010).
4.2.1  Hybrid catalyst cracking approach
The search for robust and economic catalysts has led to 
advances such as hybrid catalysts. Currently, these cata-
lysts have found applicability in the upgrade of biomass-
derived oxygenates and heavy hydrocarbon feedstock. The 
catalysts facilitate the efficient production of light olefins 
such as propylene and ethylene from naphtha and gas oils 
(Le Van Mao et al. 2001, Melancon et al. 2002, Yiu et al. 
2005, Charusiri et  al. 2006, Martínez et  al. 2007, 2008, 
Muntasar et  al. 2010, Kang et  al. 2012, Varzaneh et  al. 
2013, Yan 2013). Some techniques for synthesizing hybrid 
catalysts include the mixing or blending of catalyst and 
cocatalyst bound together with the help of a binder (Teng 
et al. 2011). The catalysts are generally dispersed within 
the matrix of the binder to produce a composite extru-
date with improved strength and stability, which protects 
them against deactivation (Castaño et  al. 2013, Whiting 
et al. 2015). Incorporating cocatalyst enhances  synergistic 
activity and performance as well as complements of the 
parent catalyst by reducing its limitations. Extruding with 
inorganic binders such as pseudoboehmite and benton-
ite clay binds the different components of the catalyst 
together. Afterward, temperature treatment activates the 
active species of the hybrid catalyst (Muntasar et al. 2010). 
Mante et al. (2014) analyzed this phenomenon in the cat-
alytic pyrolysis of biomass by investigating the effect of 
MFI composition as cocatalyst to FAU zeolite catalyst. The 
two zeolites were physically mixed after mild steaming at 
732°C. Interestingly, the hybrid catalyst produced a higher 
yield of organic liquid and a lower yield of coke and gas 
compared with its conventional FAU zeolite counterpart. 
In addition, higher MFI composition increases the C4–C5 
and aromatic yield, with consequent decrease in the gen-
eration of H2, CH4, CO2, and aliphatic hydrocarbon.
Charusiri et  al. (2006) investigated the effect of 
H-MFI, sulfated zirconia, and their hybrid in the cracking 
of used vegetable oil. The hybrid of H-MFI and sulfated 
zirconia exhibited higher aromatic selectivity and lower 
gasoline selectivity than the parent sulfated zirconia or 
H-MFI. This was due to coking suppression activity and 
higher stability with TOS (1.5 h) of the resultant hybrid 
catalyst. Further, the authors observed deactivation with 
the TOS of sulfated zirconia and H-MFI during vegetable 
oil cracking into aromatics. The study by Yan and Le Van 
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Mao (2010) also corroborated the fact that hybrid catalyst 
suppresses coking more than the corresponding reference 
catalysts (Table 3). The authors posited that coke precur-
sors deposited on acid sites of zeolites migrate to the sup-
ported Ni-Ru promoter, which minimizes decomposition 
process at the openings of the zeolites pores. Thus, this 
reduces coke deposition on acid sites significantly. This 
confers outstandingly higher stability with increased TOS 
on the hybrid catalyst than the corresponding reference 
catalyst, which implies that the performance of the hybrid 
catalyst is dependent on the crystal size of the catalytic 
material. The studies of Le Van Mao et  al. (2006, 2008) 
also confirmed this claim for thermocatalytic cracking 
over hybrid catalysts composed of Mo-supported alumina 
and supported Pt, Pd, and Ni cocatalyst. The hybrid cata-
lysts produced the HSO species that possesses ring-open-
ing features. Therefore, hybrid catalyst cracking approach 
offers synergistic performance by exhibiting mild acid 
strength and high acid density to achieve coke depression 
ability.
4.2.2   Hierarchical mesoporous zeolite cracking 
approach
Hierarchical mesoporous zeolites are composite materials 
with more than one level of porosity, for which the mes-
opore formation does not severely penalize the micropo-
rosity (Wang et al. 2010, Holm et al. 2011, Na et al. 2011, 
Ishihara et  al. 2012). These mesoporous materials have 
wide acceptability in several industrial applications such 
as catalytic cracking (Aguado et al. 2008, Mei et al. 2008, 
Kim et al. 2010, Chen et al. 2012, Zhang et al. 2013, Zheng 
et al. 2013, Botas et al. 2014, Li et al. 2014a), Friedel-Crafts 
alkylations (Fan et al. 2008, Sun et al. 2008), phenol tert-
butylation (Xu et  al. 2008), and oxidation of benzene to 
phenol (Koekkoek et  al. 2011). The design of hierarchi-
cal mesoporous zeolite is a proven approach through 
enhanced manipulation of microporous crystals in cata-
lyst development such as hierarchical mesoporous MFI via 
the desilication of commercial MFI. The modified catalyst 
is efficient in mass transport as well as shape selectivity, 
and it exhibited a higher yield of aromatics with less coke 
when compared with the parent microporous MFI (Hart-
mann 2004, Perez-Ramirez et al. 2008). Further, the facile 
diffusion of coke precursors through the mesopore of the 
catalyst via short diffusion distances enhances the longev-
ity of the catalyst (Li et al. 2014b). This minimizes fouling 
and enhances high catalyst reactivity due to enhanced 
mesopore area with accompanied remarkable hydrother-
mal stability of the external acid sites (Kim et  al. 2012). Ta
bl
e 2
 (
co
nt
in
ue
d)
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Table 3: Remarkable performances of hybrid catalysts in varying configuration and reaction condition compared with reference catalyst 
(Yan and Le Van Mao 2010).
Catalyst   Si/Al 
ratio
  Acidity 
total
 
 
Reaction   Conversion 
 
Selectivity  Coke
Type   T (°C)  TOS (h) Olefins  (C3 = /C2 = )
Y-AA/25HYBa   22  0.32  n-Hexane crackingc  552  –  78.5  76  1.32  15.7
25HYBb   22  0.37  n-Hexane crackingc  537  –  80  1.49  –  24.9
Y-AA/50HYBa   37  0.43  n-Hexane crackingc  548  –  85  72.8  1.08  16.3
50HYBb   37  0.49  n-Hexane crackingc  567  –  88.6  1.11  –  21.7
Y-AA/100HYBa   98  0.57  n-Hexane crackingc  572  –  74.8  74.1  1  16.5
100HYBb   98  0.66  n-Hexane crackingc  582  –  77.8  1.09  –  22.3
Y-AA/400HYBa   443  0.65  n-Hexane crackingc  559  –  63.8  77.7  0.9  12.3
400HYBb   443  1.35  n-Hexane crackingc  584  –  64  0.91  –  23
Y-AA/1000HYBa  765  0.67  n-Hexane crackingc  567  –  63.2  78.7  0.9  13.4
1000HYBb   765  1.21  n-Hexane crackingc  563  –  64.7  0.88  –  25.5
aHybrid of Y-alumina aerogel and ZSM-5 extrudate.
bReference ZSM-5 extrudate.
cCracking of n-hexane contaminated with 1,2,4-trimethylbenzene.
These attributes made desilicated MFI zeolites prominent 
in aiding the fast pyrolysis of biomass. However, despite 
the optimum catalytic activity obtained with 0.3 m NaOH 
solution, severe desilication with 0.5 m solution reduces 
the aromatic yield because of the severe penalization of 
microporosity evident from the larger mesopore volume.
The catalytic activity of hierarchical mesoporous 
zeolite depends on the hierarchy factor (HF) (Pérez-
Ramírez et  al. 2009, Zheng et  al. 2010, 2011, 2013, Koek-
koek et  al. 2011) and the crystal size of the catalytic 
material (Bjørgen et  al. 2008, Viswanadham et  al. 2012, 
Zhang et al. 2013, Yin et al. 2014). HF is a viable tool for 
categorizing the degree of the structural order of porous 
materials. Botas et  al. (2014) reported improved accessi-
bility and mass transport in the catalytic deoxygenation 
of rapeseed oil over nanosized hierarchical mesoporous 
zeolite modified with nickel. The study highlighted how 
the catalyst prevented further reaction of the cracked 
product. Interestingly, the nanosize particles of the cata-
lyst crystal boost accessibility that concomitantly mini-
mizes catalyst deactivation. Furthermore, at elevated 
temperature, the selectivity of light olefin is much higher 
than that of the aromatics. The short diffusion path length 
suggests high hydrogen content in the gaseous stream, 
which reduces the formation of catalytic coke from con-
densation, hydrogen transfer, and dehydrogenation reac-
tions. However, the presence of nickel on the catalyst aids 
dehydrogenation activity, which leads to the formation of 
more aromatics in the system. Consequently, it is prefer-
able to use nickel-modified hierarchical nanoporous zeo-
lites that could promote dehydrogenation in the absence 
of external hydrogen sources for enhanced selectivity 
toward aromatic.
The claim that hierarchical nanoporous zeolites 
are remarkable catalysts of choice is in order. This is 
even more obvious with higher catalytic performances 
and coking suppression capabilities reported thus far. 
It is however interesting to note the linear relationship 
between the thermocatalytic cracking activity of hierar-
chical mesoporous zeolite and the HF with the number of 
Brønsted acid sites. Zheng et al. (2011, 2013) corroborated 
this linear relationship in their study of isopropyl benzene 
catalytic cracking over hierarchical mesoporous zeolites 
(MFZ) with the same composition and closely related 
acidities. The authors observed that catalysts with higher 
HF often exhibit higher catalytic performances when 
compared with other catalysts synthesized from similar 
precursors (Table 4). The higher catalytic performance of 
BEA with a lower HF was ascribed to its higher amount 
of  Brønsted acid sites. Therefore, it is tenable to adduce 
HF and  Brønsted acidity as the major determinants of 
catalytic activity. The performances of mesoporous zeo-
lites (BFZ) in methanol dehydration attested to this claim 
(Table 4). Eq. (1) is the expression for obtaining HF:
 
micro meso
total BET
HF ,V S
V S
=
 
(1)
where Vmicro is the micropore volume, Vtotal is the total pore 
volume, Smeso is the mesopore surface area, and SBET is the 
BET surface area.
Microspherical zeolite with intracrystalline mesopores 
is another good example of hierarchical mesoporous 
zeolite because of its mesoporosity and nanosized parti-
cles, which engenders short diffusion path and enhances 
accessibility to the active sites. Owing to these advan-
tages, this technique offers remarkable catalytic activity 
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for the catalytic conversion of bulky molecules, facilitates 
high selectivity toward aromatics, minimizes coke forma-
tion, suppresses deactivation, and enhances TOS stability 
(Xue et al. 2012a,b, Na et al. 2013).
4.2.3   Composite zeolites by intergrowth/overgrowth 
approach
Predictably enough, composite materials with one or two 
levels of porosity (micro/microporous micro/mesoporous) 
synthesized via intergrowth or cocrystallization are preva-
lent in the open literature prevalent within the field of energy 
because of their synergistic performances (González et  al. 
2007, Wang et al. 2007, Liu et al. 2008, Tian et al. 2009, Duan 
et al. 2013). Examples of these composite materials include 
the core-shell composite of Ti-/Cr-AFI molecular sieve (Tian 
et al. 2009) and H-MFI/SAPO-34 (Duan et al. 2013). Others 
are MAZ/MFI (Wang et al. 2007), intergrowths of MCM-49/
MFI (Liu et al. 2008), FAU/EMT (González et al. 2007), and 
MFI/MEL (Francesconi et al. 2005), and overgrowth of MFI/
MOR (Al-Shammari et al. 2014). These composite materials 
have found wide acceptability in major catalytic processes 
because of their multistructural composition and outstand-
ing performances (Xie et  al. 2010). Recently, Duan et  al. 
(2013) compared the performances of the composite hybrid 
of H-MFI and SAPO-34 with respect to the synthesis method. 
These include cocrystallization and physical mixing specifi-
cally for ethanol conversion in isothermal fixed bed reactor. 
Interestingly, composite HMFI/SAPO-34 (weight ratio = 1 
and HMFI Si/Al ratio = 25) synthesized via cocrystalliza-
tion exhibited outstanding performance because of its mild 
acidity and minimal coke deposition.
Conversely, the coking and dealumination of zeolite 
framework because of the strong acid strength deactivated 
the composite prepared via physical mixing. Nonetheless, 
the authors observed improved stability at temperature 
difference of 48°C between the top and the bottom, and 
16°C/cm temperature gradient in nonisothermal fixed 
bed reactor. Lower temperature at the top of the catalyst 
bed prevents drastic coking, whereas steady temperature 
increase below the catalyst bed allows the cracking of 
heavy hydrocarbons into lighter ones. Similarly, Wang et al. 
(2007) studied the catalytic performance of mazzite and 
MFI zeolite (MAZ/MFI) composite modified with zinc for 
FCC gasoline aromatization. The authors prepared the two 
composite materials with different levels of acidity: Zn-H-
MAZ/MFI (high acidity) and Zn-DA-MAZ/MFI (low acidity). 
Because of its mild acid strength, the coke deposited on Zn-
DA-MAZ/MFI was 0.10 wt% against 0.14 wt% deposited on 
Zn-H-MAZ/MFI. Consequently, the former exhibited more 
stability with remarkable selectivity toward aromatics than 
the latter. It is therefore rational to extrapolate the same 
configuration to the thermocatalytic cracking of bio-oil.
4.2.4  Modified zeolites approach
Zeolite surface modification with metal or metal oxide 
and phosphorus oxide is gaining considerable attention 
recently (Caeiro et  al. 2006, Xue et  al. 2010, Derewinski 
et al. 2014). Such modifications passivate the acid sites on 
the zeolites external surface for enhanced catalytic reac-
tions. This decreases the strong acid sites, which makes 
the catalyst less affected by coke formation, and boosts the 
catalytic activity of the zeolite materials with prolong life-
time (Xie et al. 2010). Xue et al. (2010) reported the effect 
of phosphoric acid modification and alumina binder on 
HMFI for propane cracking. Infrared spectra and 1H magic 
angle spinning NMR spectroscopy (MAS NMR) of the 
modified catalyst revealed a decrease in Brønsted acid site 
because of acid dealumination. The absence of Brønsted 
acid sites was evident in bridging OH group condensation 
with POH groups. This decreases the acid strength of the 
catalyst. The study by Derewinski et  al. (2014) corrobo-
rated these findings. Tsai et al. (2007) also reported similar 
outstanding performance from the cracking of xylene and 
ethylbenzene over platinum MFI. Impregnating platinum 
into MFI inhibits secondary reaction that favors coke for-
mation. It also improves ethylbenzene conversion and 
catalyst stability. Botas et al. (2012) investigated the influ-
ence of modifying hierarchical nano porous MFI with 
nickel for the upgrade of rapeseed oil to biodiesel, raw 
chemicals, and carbon nanotubes. The authors observed 
coke formation in the form of carbon nanotube from the 
nickel nanoparticles. Similarly, the basicity of solid basic 
zeolites improves when supported with other materials. 
Gómez et  al. (2013) increased the basicity of zeolite by 
impregnating it with cesium oxide (CsOH) and potassium 
oxide (KOH) and used solid basic Na-FAU zeolite for the 
deoxygenation of methyl octanoate [CH3(CH2)6COOCH3]. 
The modified zeolite exhibited good catalytic activity 
(85% conversion and 3.6 desired/undesired product ratio) 
and approximately 51% selectivity of the desired (C6, C7, 
and C8) hydrocarbons due to the decrease in the electron-
egativity of the exchangeable cation in the Na-FAU zeo-
lites. Seemingly, the dealumination of the catalyst in the 
reaction medium and the concomitant reduction in BET 
surface area triggers the loss of catalytic activity in basic 
zeolites. Consequently, the catalytic performance of solid 
base zeolite decreases with a higher Si/Al ratio. This indi-
cates that the performance of catalysts produced by this 
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approach is solely dependent on the hydrothermal stabil-
ity and the Si/Al ratio.
Further, functionalizing external surface with hydro-
phobic materials enhances the performance of solid basic 
catalysts. This preserves the structure as well as the active 
sites of the catalysts against detrimental effects such as 
deactivation that is associated with steam interaction 
in the reaction medium. Other techniques for enhanc-
ing hydrophobicity include silylation with organosilanes 
(Zapata et al. 2012) and dealumination with SiCl4 via silicon 
exchange reaction (Kawai and Tsutsumi 1992). Zapata 
et  al. (2012) modified the surface of H-FAU zeolites with 
organosilanes for the upgrade of biofuel. The modification 
enhanced the hydrophobicity of the zeolite and enabled 
it to stabilize water/oil emulsions, which improved the 
catalytic activity. The modified zeolite gives better cata-
lytic activity (88.1% conversion) than the untreated zeolite 
(25.9% conversion) in the upgrade of 2-propanol to pro-
pylene. The authors observed that although the textural 
and acid properties of the untreated H-FAU zeolite decline 
within a few hours in liquid medium at 200°C, the modi-
fied H-FAU zeolites retained their acid density, surface 
area, crystallinity, and microporosity. Equally, Kawai 
and Tsutsumi (1992) modified Na-FAU zeolite by treating 
it with SiCl4 under dealumination silicon exchange reac-
tion. The authors evaluated the hydrophobicity character 
of Na-FAU zeolite and the modified zeolite by measuring 
the heat of immersion in water and compared them with 
that of MFI zeolites. Interestingly, the heat of immersion 
of the modified zeolite was closely akin to that of the MFI 
zeolites. Moreover, the amount of water adsorbed on the 
modified Na-FAU zeolite was smaller than that of the 
unmodified zeolite. This further affirmed that functional-
izing with SiCl4 has the potential for improving FAU.
4.2.5  Catalytic cracking deposition approach
The catalytic cracking deposition (CCD) method involves 
reducing the pore size of zeolite by depositing cracked 
species on its external surface using coke deposition tech-
niques (Masuda et  al. 2001). The species include silane 
compounds such as SiH4, dimethyloctadecylchlorosilane, 
octadecyltrichlorosilane, phenyl-silane, triphenyl silane, 
and methyldiethoxysilane (MDES). The method reduces 
the acid strength of the catalyst via selective deactivation 
process by hindering reactants from accessing both strong 
and weak acid sites (Tago et al. 2011, Hong et al. 2013). In 
the interim, the first modification may not have consider-
able effect on the strong sites as much as on the weak sites. 
However, subsequent modifications lower the strong sites 
considerably, but such modifications have negligible effect 
on the weak sites (Hong et  al. 2013). In a study by Hong 
et al. (2013), MDES (C5H14O2Si) molecule containing Si-CH3, 
Si-OC2H5, and Si-H groups produced CH4, C2H5OH, and H2, 
respectively. Chemisorption and decomposition processes 
crack silane compounds within temperature range that 
corresponds to their bond energies (~550°C), whereas com-
plete decomposition by oxidation forms SiO2 (Hong et  al. 
2013). This approach is common in the modification of 
zeolite membranes with microporous structures. Further, 
it is evident in reactions performed at high temperatures, 
such as water-gas shift, and in the separation of chemicals, 
such as ethanol-water mixture, and xylene isomers (Choi 
et al. 2009, Shan et al. 2011, Wang and Lin 2012, Zhang et al. 
2012, Wang et al. 2014). Interestingly, the CCD method has 
the potential for suppressing coke formation from zeolites 
with mesoporous membranes during the deoxygenation of 
bio-oil. Consequently, the technique is gaining the atten-
tion of researchers, especially in shape selectivity and size 
exclusion (Wang and Lin 2011). This is because lowering the 
signal strength of strong acid sites favors TOS stability and 
enhances catalytic activity (Tago et al. 2005).
Tago et al. (2011) worked extensively on MFI modifi-
cation and reported higher acetone conversion, higher 
olefins yield, and lower aromatics yield from silylated 
MFI than with unmodified MFI. Introducing silane into 
a fixed bed reactor at 100°C and atmospheric pressure 
in a nitrogen stream to interact with the zeolite produced 
strong acid site with lower signal strength. After injecting 
the needed amount of silane, the authors removed the 
physically absorbed silane species from the surface of the 
zeolite. Increasing the temperature to 550°C in nitrogen 
stream for 1 h decomposes the chemosorbed silane species 
into a composite of silicon and coke. This process oxidizes 
the composite into SiO2. The procedure was repeated in 
three cycles to attain the targeted configuration for coking 
suppression. Figure 5 shows the effect of modification on 
the signal strength of the acid sites. Although CCD is a 
more recent approach, it has proven a viable strategy for 
reducing coke-forming tendency in thermocatalytic crack-
ing. This is because the deposition of SiO2 from cracked 
silane compounds on the external surface of the catalyst 
reduces Brønsted acidity. However, this modification is 
tedious because it requires two or more cycles to achieve 
the desired configuration.
4.3  HSO approach
Within the field of energy, several instances that dis-
cussed the use of the HSO species for minimizing catalyst 
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controls the dehydrogenation of coke precursors to retard 
coke deposition (Prasomsri et  al. 2011). It also promotes 
deoxygenation via decarbonylation rather than dehydra-
tion (Mentzel and Holm 2011). Furthermore, rapid coking 
occurs where the hydrogen source has stronger adsorp-
tion capacity than the feedstock (Yan and Le Van Mao 
2010). Consequently, it is important to note that propylene 
and polymethylbenzene such as 1,3,5-trimethylbenzene 
are not suitable hydrogen sources owing to their strong 
adsorption property (Yan and Le Van Mao 2010, Prasomsri 
et al. 2011).
Yan and Le Van Mao (2010) studied the influence of 
the HSO species on MFI hybrid with Ni cocatalyst in cata-
lytic steam cracking (CSC) using 1,2,4-trimethylbenzene 
as hydrogen source. The authors reported that the HSO 
species showed coke-cleaning action on the hybrid cata-
lyst by interacting with the coke precursor. The interaction 
minimizes coke deposition, which increases the stability 
of the catalyst. The report of Gayubo et al. (2009) does not 
only agree with this but added that cofeeding methanol 
also minimizes CO and CO2 yields. This is because the 
HSO species formed on the surface of the supported Ni 
cocatalyst migrates to the main catalyst surface to par-
tially or completely hydrogenate or decompose the bulky 
molecules. Hybrid catalysts with a low Si/Al ratio and 
dehydrogenation or hydrogenation components such as 
Ni and Pt are often used in the HSO species approach (Yan 
and Le Van Mao 2012). The surface of supported metal or 
metal oxide cocatalyst of the hybrid catalyst generates 
active hydrogen species. These are spilt over the external 
surface of the main catalyst active sites to open the rings 
of some bulky hydrocarbons of the reactants and/or inter-
mediates to inhibit the formation of polynuclear aromat-
ics (Yan 2009, Yan and Le Van Mao 2009). This proposed 
intervention of cofeeding methanol into the process stabi-
lizes the bio-oil. It is therefore plausible to assert that the 
HSO species assists in cleaning hybrid catalysts used in 
the catalytic cracking of biomass-derived oxygenates. This 
is helpful in producing lower aromatics and other heavy 
deactivation abound (Yan and Le Van Mao 2010, 2012, 
Prasomsri et  al. 2011). The HSO species generates Brøn-
sted acid sites that act as active sites for catalytic reac-
tion (Zhang et al. 1995). The sources of hydrogen sources 
includes tetralin, decalin, methylcyclohexane, benzene, 
polymethylbenzene (1,2,4-trimethylbenzene), and alcohol 
(Gayubo et al. 2009, Yan and Le Van Mao 2010, 2012). The 
HSO species reacts with intermediates of catalytic deoxy-
genation reaction on the catalyst surface. This makes a 
significant impact on the catalyst by retarding the for-
mation of coke precursors (Yan and Le Van Mao 2009). 
Valle et al. (2012) reported the efficacy of cofeeding bio-oil 
with methanol for efficient valorization. The authors 
asserted that the system proceeds in a similar reaction 
condition to that of methanol conversion into hydrocar-
bon. The addition of approximately 70 wt% of methanol 
helps to stabilize the system, attenuate the deposition of 
thermal carbon on the catalyst matrix, and reduce deacti-
vation (Figure 6) (Valle et al. 2012). However, fundamen-
tal knowledge is required in selecting non-oil-derived 
hydrogen sources for this approach. A suitable hydrogen 
source encourages the desorption of the HSO species and 
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hydrocarbons, improving light olefins yields and ensuring 
remarkable stability at long TOS especially in fixed bed 
reactors (Yan 2009). Consequently, the reaction configu-
rations successfully used in CSC and FCC are applicable 
in the thermocatalytic deoxygenation of biomass-derived 
oxygenates.
Prasomsri et al. (2011) studied the effect of the HSO 
species on HY and H-MFI zeolite catalysts in the catalytic 
conversion of biomass-derived oxygenates (anisole) with 
tetralin as the hydrogen source. The authors reported 
that incorporating tetralin into the feed inhibits deposi-
tion (adsorption) of phenol on the surface of the catalyst. 
The study also compared the effect of other hydrogen 
sources such as benzene, n-decane, and propylene and 
posited tetralin as the source with the highest hydro-
gen transfer capacity. Moreover, the study revealed the 
adverse effect that propylene has on the catalytic activ-
ity of the catalyst. Further, Beauchet et  al. (2011) also 
examined the influence of tetralin in the catalytic deoxy-
genation of waste from biomass for producing fuel over 
Raney nickel. The tetralin solubilized the biomass waste 
at 330°C, while the HSO species prevented the inter-
mediates from undergoing recondensation reaction. 
Accordingly, the reduction in deactivation rate by the 
HSO species is of paramount importance in suppress-
ing coking. In addition, it helps to minimize catalytic 
carbon, to maximize the yield of light olefins, and to 
depress that of aromatics with concomitant increase in 
TOS stability (Le Van Mao et al. 2008). Although the HSO 
approach has great potentials for retarding coke forma-
tion, there is the need for further research to discover 
the possibility of side reactions.
5  Conclusion and outlook
It is obvious from the foregoing that porosity, strong 
acidity, and steam (produced as by-product that dea-
luminates the surface structure of zeolites and other 
aluminosilicates) are some of the major limitations 
confronting the deoxygenation of bio-oil. Two general 
mechanisms of coke formation that decrease catalytic 
activity are the polycondensation of nonvolatile heavy 
oxygenated compounds in bio-oil, which forms thermal 
coke deposited externally, and the formation of catalytic 
coke deposited within the catalyst pores. Coke forma-
tion from the polymerization of oxygenated compounds 
is the major reaction competing against aromatization 
of oxygenated compounds. It is pertinent therefore to 
develop the means for minimizing these challenges. A 
critical analysis of the literature suggests reducing the 
strong signal strength of the acid sites of the catalyst 
because increase in acid strength increases the rate and 
extent of coke formation. In addition, advances on the 
basic zeolites maximize hydrophobicity and minimize 
deactivation by dealumination. Others suggest the use 
of nanoporous materials plausibly because the decrease 
in crystal size reduces the diffusion path length with 
concomitant decrease in the yield and concentration 
of coke. In addition, hydrothermally stable hybrid cata-
lysts, hierarchical mesoporous zeolites, CCD, compos-
ite zeolites, and aluminosilicates with intergrowths, 
externally modified and hydrogen split over, are gaining 
attention. It is distinctly evident that these strategies 
offer remarkable performances in reducing deactivation 
tendencies. However, the need to explore a combination 
of two or more of these approaches simultaneously is 
logical. This is because coke formation is rather complex, 
involving a series of reactions from the extensive dehy-
drogenation of fused aromatic rings and the formation 
of polynuclear aromatics. Further, the morphology and 
structure of the catalyst also affects the deactivation 
mechanisms. For instance, the formation of polyaro-
matic species within the pore of H-FAU, β-zeolites (large 
pore size), deactivates the zeolite catalysts, whereas the 
deposition of unsaturated coke on the external surface 
deactivates MFI (medium pore size). Overall, this review 
highlighted the need for further investigations before 
any approach could achieve excellent catalytic activity 
with coking suppression capacities for industrial scale. 
The authors also deem the following outlook worthy of 
research:
 – Combined approach: using catalytic materials with 
different formulations such as hierarchical nanopo-
rous zeolite with phosphorus modification and the 
HSO species approach. A different approach is to com-
bine phosphorus modified nanoporous hybrid cata-
lyst and HSO species. In addition, a combination of 
cracking with nanocomposite zeolites by intergrowth 
with phosphorus modification and the HSO species is 
another potential approach.
 – Explore new catalyst formulations via rational cata-
lyst design and development. This requires the use 
of real-time systems in combination with DFT to 
have improved understanding of coke formation 
mechanisms.
It is our conviction that although preventing deactivation 
seems impossible, at least for now, with more advances 
such as the ones highlighted in this review, reducing it to 
the barest minimum is attainable.
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